No other species attracts more international resources, public attention, and protracted controversies over its intraspecific taxonomy than the tiger (Panthera tigris) [1, 2] . Today, fewer than 4,000 freeranging tigers survive, covering only 7% of their historical range, and debates persist over whether they comprise six, five, or two subspecies [3] [4] [5] [6] . The lack of consensus over the number of tiger subspecies has partially hindered the global effort to recover the species from the brink of extinction, as both captive breeding and landscape intervention of wild populations increasingly require an explicit delineation of the conservation management units [7] . The recent coalescence to a late Pleistocene bottleneck (circa 110 kya) [5, 8, 9] poses challenges for detecting tiger subspecific morphological traits, suggesting that elucidating intraspecific evolution in the tiger requires analyses at the genomic scale. Here, we present whole-genome sequencing analyses from 32 voucher specimens that resolve six statistically robust monophyletic clades corresponding to extant subspecies, including the recently recognized Malayan tiger (P. tigris jacksoni). The intersubspecies gene flow is very low, corroborating the recognized phylogeographic units. We identified multiple genomic regions that are candidates for identifying the adaptive divergence of subspecies. The bodysize-related gene ADH7 appears to have been strongly selected in the Sumatran tiger, perhaps in association with adaptation to the tropical Sunda Islands. The identified genomic signatures provide a solid basis for recognizing appropriate conservation management units in the tiger and can benefit global conservation strategic planning for this charismatic megafauna icon.
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In Brief
Liu et al. provide genome-wide evidence for the tiger's origin and evolution. They trace the coalescence time for modern tigers to 110 kya and affirm highly restricted gene flow supporting six living subspecies. They also identify signals of positive selection in the Sumatran tiger likely associated with smaller body size and thus adaptation to the tropical Sunda Islands.
SUMMARY
No other species attracts more international resources, public attention, and protracted controversies over its intraspecific taxonomy than the tiger (Panthera tigris) [1, 2] . Today, fewer than 4,000 freeranging tigers survive, covering only 7% of their historical range, and debates persist over whether they comprise six, five, or two subspecies [3] [4] [5] [6] . The lack of consensus over the number of tiger subspecies has partially hindered the global effort to recover the species from the brink of extinction, as both captive breeding and landscape intervention of wild populations increasingly require an explicit delineation of the conservation management units [7] . The recent coalescence to a late Pleistocene bottleneck (circa 110 kya) [5, 8, 9] poses challenges for detecting tiger subspecific morphological traits, suggesting that elucidating intraspecific evolution in the tiger requires analyses at the genomic scale. Here, we present whole-genome sequencing analyses from 32 voucher specimens that resolve six statistically robust monophyletic clades corresponding to extant subspecies, including the recently recognized Malayan tiger (P. tigris jacksoni). The intersubspecies gene flow is very low, corroborating the recognized phylogeographic units. We identified multiple genomic regions that are candidates for identifying the adaptive divergence of subspecies. The bodysize-related gene ADH7 appears to have been strongly selected in the Sumatran tiger, perhaps in association with adaptation to the tropical Sunda Islands. The identified genomic signatures provide a solid basis for recognizing appropriate conservation management units in the tiger and can benefit global conservation strategic planning for this charismatic megafauna icon.
RESULTS AND DISCUSSION
Genome-wide Evidence for Six Living Tiger Subspecies Current tiger taxonomy, informed by molecular genetic evidence, recognizes six living subspecies [3-5, 9, 10] , including the Bengal tiger Panthera tigris tigris (Linnaeus, 1758), Amur tiger P.t. altaica (Temminck, 1844), South China tiger P.t. amoyensis (Hilzheimer, 1905) , Sumatran tiger P.t. sumatrae (Pocock, 1929) , Indochinese tiger P.t. corbetti (Mazak 1968) , and Malayan tiger P.t. jacksoni proposed in 2004 [5] , as well as three extinct subspecies: the Javan tiger P.t. sondaica (Temminck, 1844), Bali tiger P.t. balica (Schwarz, 1912) , and Caspian tiger P.t. virgata (Illiger, 1815) . In contrast, morphological and ecological analyses have invariably revealed little distinction among most putative subspecies [6, [11] [12] [13] , leading to a proposed reclassification in 2015 to recognize only two subspecies, namely, P.t. tigris in continental Asia and P.t. sondaica in the Sunda Islands [6, 14] . Such discordance between genetic and morphological evidence for distinctiveness is not unusual and likely reflects the increased precision afforded by cumulative DNA evidence [15] . It may be that intraspecific taxonomic debates should be resolved at the genomic level, where genetic divergence can be quantitatively measured.
Whole-genome resequencing data were obtained from 32 voucher tigers at approximately 103 genome coverage each. The specimens were either used in a previous study [5] or newly collected from the wild and represented all six extant subspecies (Table S1 ). Sequencing reads were aligned to the tiger reference genome assembly [8] , resulting in approximately two million high-quality biallelic variable sites across the genome. Phylogenomic analyses based on autosomal variants, mitogenomes, and X chromosome consensus sequences produced similar topologies corresponding to major geographic partitions in tigers (Figure 1) . The island population from Sumatra formed a robust clade distinct from all continental tigers. Within mainland Asia, Bengal tigers formed the earliest divergence, whereas Amur tigers formed the latest. Furthermore, mitochondrial paraphyly in the Malayan tiger [5, 9, 10] was resolved by autosomal monophyly, affirming the genealogical uniqueness of this lineage from a whole-genome perspective. The Indochinese tiger is the sister taxa to the Malayan tiger, indicating a recent, albeit substantial, differentiation. In addition, apparent cyto-nuclear discordance was detected in the phylogenetic position of the single specimen of the South China tiger in this study: basal in the mitochondrial tree but most closely associated with the Amur tiger clade in the autosomal phylogeny ( Figures 1A and  1B ). This discordance may derive from possible historic admixture and gene flow between isolated tiger populations in East Asia or artificial introgression in captivity. Determining the source of this discordance would require additional samples with known locality from South China [16] .
Analyses of population genomic structure based on 1,897,519 autosomal variants rendered additional support for six clusters in living tigers (Figure 2) . In a principal-component analysis (PCA), Sumatran and Bengal tigers were the most distinct groups, whereas the remaining four were nearly equidistant ( Figure 2A) . A Bayesian population structure assessment without prior ancestry designation was implemented in ADMIXTURE and clustered the individual genomes according to their subspecies affiliation when the number of groups (K) was preset to 6 (the 10-fold cross-validation error [CVE] = 0.552; Figure 2B ).
Gene flow among tiger populations was very low, corroborating the phylogeographic clades. Pairwise genetic differentiation, as evaluated by F ST (the fixation index), was consistently significant, ranging from 0.967 (highest) for the mitogenome to 0.100 (lowest) across the autosomal coding region (Data S1). In addition, the ABBA-BABA test using the autosomal phylogeny ( Figure 1B ) detected modest levels of gene flow only between P.t. jacksoni and P.t. sumatrae and between P.t. corbetti and P.t. altaica ( Figure S1A ). However, the signals were not significant as evaluated by D statistics. Regarding migration between adjacent tiger subspecies, gene flow was evident between P.t. corbetti and P.t. tigris and from P.t. corbetti to P.t. jacksoni based on a diffusion approximation (vavi) modeling ( Figure S1B ). No dispersal between any other pair of subspecies was statistically supported. Furthermore, G-PhoCS coalescence modeling quantitatively revealed minimal intersubspecies gene flow. Although 10 migration bands were detected, even the highest levels of genetic exchange, which occurred from P.t. jacksoni to P.t. sumatrae (10.08%) and from P.t. corbetti to P.t. altaica (18.25%), corresponded to unidirectional flow and were extremely low after division by the number of generations (>5,000 generations) spanning the migration band ( Figures 3A and S2B) . Thus, the multiple analyses jointly illustrated a highly distinctive rather than panmictic tiger landscape, with subtle genetic introgression occurring in only a few pairs of geographically close subspecies ( Figure S1C ).
Genomic Diversity in Tigers
Modern tigers are characterized by an overall reduced genomic variability yet a highly differentiated population genetic partition. Only 196 variable sites were found across the mitogenome (nucleotide diversity p = 0.00247), substantially fewer than the numbers found in other Panthera species [18] [19] [20] [21] (Table S2) .
Large numbers of diagnostic nuclear SNVs were found in different subspecies, particularly in P.t. sumatrae (2,047 SNVs, n = 7), P.t. altaica (568 SNVs, n = 6), P.t. tigris (260 SNVs, n = 3), and P.t. amoyensis (9,025 SNVs from one tiger). 21 fixed SNVs were discovered between P.t. corbetti and P.t. jacksoni. These informative mitogenomic sites and discriminating autosomal genomic variants supplement important conservation resources for tigers, with applications such as developing forensic diagnostic assays for tracing illegally trafficked tiger products and for establishing the explicit genetic backgrounds of captive-bred tigers [16, 22, 23] .
In the nuclear genome, P.t. corbetti carried the highest genomic diversity among all tiger subspecies, snow leopards, and African lions as measured by Watterson's q (0.481 3 10 À3 ), p (0.139 3 10 À3 ), the genome-wide SNV rate (0.072%, or 1 variant per 1,386 bp), or the 50-kb sliding-window-based SNV density ( Figure S1D and Data S1 Figure S2C ), consistent with previous estimates [5, 6, 8, 9] . The pairwise sequentially Markovian coalescent (PSMC) model of autosomal variances ( Figure 3B ) suggested an ancient expansion and contraction that likely reflect the speciation of Panthera tigris 2-3 mya [24-26]. Jointly, the mitogenome and autosomal data suggest that despite the fossil evidence for a widespread distribution of tigers in Asia by the late Pliocene and early Pleistocene [24] , repeated glacial cycles and suboptimal climate during the Pleistocene likely caused severe range restriction that lead to a prolonged stage (1 mya until approximately 110,000 years ago) with a relatively small yet stable effective population size ($50,000 individuals). Since the onset of the last glacial period (c. 110,000-11,700 years ago), this prehistoric population underwent a modest growth followed by overall decline, during which it differentiated into multiple subspecies associated with various habitats and selection pressures ( Figure 3B ). We are now able to reconstruct, for the first time, the most comprehensive evolutionary pathways in modern tigers (Figure 3C) . The center of the post-bottleneck radiation c. 110,000 (A) Phylogeny of tigers and two outgroup species, P. uncia and P. leo, based on 11,600,055 autosomal SNVs, excluding those located in coding regions and within 1 kb upstream or downstream of a gene. Trees derived from maximum parsimony (MP), minimum evolution (ME), and maximum likelihood (ML) methods had similar topologies, and only the neighbor-joining (NJ) tree constructed based on p distance is shown. The robustness of the topology was evaluated using non-parametric bootstrapping with the ML (from 100 replicates) and MP (from 100 replicates) methods. New coalescent-based species tree analysis was also used to test the topology of the autosomal phylogeny, yielding a final normalized quartet score of approximately 0.99. (B) Phylogeny based on 15,450 bp mitogenome sequences (excluding the control region) of tigers rooted with P. uncia, P. leo, and Neofelis nebulosa. Trees derived from maximum parsimony (MP), minimum evolution (ME), maximum likelihood (ML), and Bayesian analyses had similar topologies, and only the MP tree is shown. Numbers above the branches represent bootstrap supports in percentage using the MP (from 1,000 replicates), NJ (from 1,000 replicates), and ML (from 100 replicates) methods, followed by posterior probabilities from Bayesian analyses. Numbers below the branches indicate the number of changes. Haplotype codes (Table S2 ) are labeled at the branch tips, with the number of individuals sharing the haplotype indicated in parentheses. (C) Phylogeny based on 1,933,838 bp sequences from the X chromosome of six tiger subspecies (583 variable sites). The robustness of the topology was evaluated using nonparametric bootstrapping with the ML (from 100 replicates) and MP (from 100 replicates) methods. For all three trees shown, only bootstrap supports or posterior probabilities below 100% are shown above the branches; maximal bootstrap support or posterior probability was obtained for all remaining branches. See Figure S1 , Tables S1 and S2, and Data S1 for further details of gene flow analyses, samples information, mitochondrial haplotypes, genomic diversity, and genomewide F ST . (Table S3) . Absolute divergence times (in kya) with 95% credible intervals and the effective population sizes (in numbers of individuals) of ancestral populations are labeled at the tree nodes. Migration bands are shown; black arrows indicate the direction of gene flow and the estimated migration rates (the probability that a lineage migrated through the band when the two populations co-existed). (B) PSMC plots of the demographic histories of each tiger subspecies since the speciation of P. tigris until 10 kya. Each colored solid line represents the estimated historical effective population size of one subspecies. Individual genomes were run independently, with a consistent pattern observed for each subspecies; thus, only one tiger was used to represent each subspecies. The gray shadow represents 100 bootstrapping plots combined for all 32 individuals. The gray dashed line represents the climate history of the past 420,000 years. Temperature is calculated using a deuterium/ temperature gradient of 0.009/ C after accounting for the isotopic change of seawater without correction for the influence of the geographical position of the ice [17] .
(C) Postulated dispersal routes and range expansions of modern tigers (M1 to M6) integrating results from Bayesian dating, phylogenomics, present and historical ranges, and analyses of possible migration scenarios. Effective population size for each living subspecies was inferred by G-PhoCS. M1 and M2 correspond to earlier radiation events approximately 110-70 kya, whereas M3 to M6 represent later waves of dispersals from approximately 50-10 kya. See Figures S2 and S3 and Table S3 for further details of population genealogy and parameters of G-PhoCS runs, timescale of mitogenome diversification among tiger subspecies, and reconstructed historical tiger habitat.
years ago was likely located in modern-day mainland Indochina and China. Coinciding with substantial climate cooling during the last glacial period of the Pleistocene, the ancient panmictic population declined and fragmented. One lineage, represented today by a unique P.t. amoyensis AMO1 mitochondrial haplotype, likely survived as a relic population in the mountainous refugium of southwest China (M1 in Figure 3C ; see also Figure S2 for suitable tiger-habitat modeling during glacial periods), contributing to the matrilineal ancestry of contemporary South China tigers. The rest of the population encompassed genetic variants that later evolved into most of the tiger subspecies known to date. Demographic reconstruction based on autosomal variance in G-PhoCS suggests that the break between the mainland and Sundaland populations occurred approximately 67,300 years ago (95% CI: 45,100-123,000 years ago; Figure Further divergence within mainland tigers was likely facilitated by temperature fluctuations between 60,000 and 30,000 years ago [17] ( Figure 3B ). The differentiation of Bengal tigers from other mainland tigers occurred approximately 52,920 years ago (95% CI: 33,600-79,500 years ago; M3 in Figure 3C ). This differentiation was followed by another division in eastern Asia that gave rise to two ancestral populations that split into the Amur and the South China tigers approximately 33,830 years ago (95% CI: 22,400-56,700 years ago; M4 in Figure 3C ) and into the Indochinese and Malayan tigers approximately 27,600 years ago (95% CI: 11,200-56,200 years ago; M5 in Figure 3C ). The divergence of P.t. jacksoni from ancient P.t. corbetti coincided with the beginning of the Last Glacial Maximum (LGM, c. 25,000-13,000 y ago), during which a relatively cold and dry climate likely led to forest contraction and habitat fragmentation in Sundaland, thus isolating tigers on the Malayan Peninsula from their mainland Indochinese counterparts. To the north, the ancestral population in Indochina may have further expanded into present-day south and southeast China, consistent with the warmer climate in this region [17] . After the last glacier thoroughly retreated within the past 12,000 years, a small number of founders reached northeast Asia and evolved into P.t. altaica (M6 in Figure 3C ). Finally, the tiger reached central Asia, giving rise to the Caspian tiger P.t. virgata, which displayed a close affinity to P.t. altaica [10] .
The origin of the South China tiger remains unresolved, since only one specimen from captivity was used here. This specimen exhibited a distinct mitochondrial lineage and a nuclear genomic makeup related to both P.t. corbetti ( Figure 2B ) and P.t. altaica ( Figures 1A and 3A) . Such cyto-nuclear genomic dissociation could be due to a northbound ancient P.t. corbetti (M4b in Figure 3C ) population encountering the P.t. amoyensis relic lineage (M4a in Figure 3C ). Alternatively, this pattern could be due to the inadvertent breeding of tigers of different subspecific backgrounds in captivity. The validity of this scenario can only be tested with a larger dataset, particularly one including wild-origin museum specimens, in the future. In addition, considering the recent range-wide contraction in tigers, it is possible that demographic expansions following the last demographic bottleneck, reduced gene flow in a heterogeneous landscape, and genetic drift in fragmented populations caused by anthropogenic disturbances may have jointly contributed to the genetic pattern observed today.
Selection and Local Adaptation in Tiger Subspecies
Traditional morphological assessments (body size, craniometric variation, pelage coloration and striping patterns, etc.) have been equivocal in delineating subspecies, except for distinguishing between mainland and Sundaland tigers [6, 11, 12] . The shape of the skull occiput is characteristically narrow in the Javan and Bali tigers and much broader in Caspian tigers [12] . Generally, Amur tigers are large and have pale orange fur, whereas tigers from the Sunda Islands tend to be smaller and have darker, thickly striped pelages [11] . Bengal tigers are the largest type [31], although tigers from the Sundarbans in Bangladesh appear smaller than other Bengal tigers [32] . The overall absence of diagnostic morphological traits supports the hypothesis that a severe late Pleistocene demographic bottleneck probably extensively reduced genetic variation in the tiger.
We performed a stepwise genome-wide scan for signals of selection and local adaptation in tigers. Overlapping 50-kb sliding windows with a 5-kb step size were used to identify divergent regions between Sumatran tigers and all other subspecies. Among the seven most differential regions (ZF ST > 5; Figure 4A ), 14 genes were identified (Data S2), of which some are associated with morphology (ADH7), metabolism (EXOC5), or mitochondrial respiratory chain and pigmentation (UQCRQ). The strongest signal of potential positive selection was in a 180-kb homozygous region encompassing the sliding window with the highest ZF ST score (ZF ST = 6.20; Figures 4A and 4B ). The region contains the entire ADH7 gene plus approximately 105 kb upstream and 68 kb downstream. Functional experiments in mice showed that ADH7 homozygous mutants exhibit decreased body weight [33] . We found 17 fixed variations in Sumatran tigers across this homozygous region (Data S2), all located in the upstream, downstream, or intronic region of ADH7, suggesting a possible link to the reduced body size in this island morph of tigers. Two other candidate genes in tigers that possibly contribute to local adaptation on the Sunda Islands are UQCRQ, which is associated with the mitochondrial respiratory chain and hyperpigmentation development [34] , and EXOC5, which is known to play critical roles in the insulin pathway [35] . If validated by further studies, these genomic signals are promising and may represent characteristic adaptive evolution in the Sumatran tiger, including the evolution of darker pelage (potentially for greater camouflage in a dark forest), a smaller body size (potentially reducing energetic demands and allowing exploitation of smaller prey), and metabolic adaptation to the tropical climate in Sundaland. species, tigers have been classified into subspecies-natural geographically separate populations-for purposes of recognition and conservation. A subspecies has been defined as ''a geographically defined aggregate of local populations which differ taxonomically from other subdivisions of the species'' [36] with later clarifications that ''subspecies designation should come from the concordant distribution of multiple, independent, genetically based traits.'' [37] and, more recently, ''a population, or collection of populations, that appears to be a separately evolving lineage with discontinuities resulting from geography, ecological specialization, or other forces that restrict gene flow to the point that the population or collection of populations is diagnosably distinct'' [38] . Because many of the conservation policies and measurements regarding the tiger, including coordinated captive breeding programs and legislations in several tiger range countries, are based on ''subspecies taxonomy,'' an appropriate description of subspecies is vitally important [39, 40] .
Considering the subspecies concepts presented above, the genome-wide signatures of phylogeographic partitioning and evidence for long-term restriction of gene flow and adaptive divergence jointly allow us to elucidate tiger evolution and corroborate six phylogeographic units (Figures 1, 2, and 3) . These findings provide the strongest genetic evidence for subspecies delineation in tigers to date, evidence stronger than that used to define subspecies in nearly any felid reported thus far. These population units correspond precisely with the geographic subspecies named much earlier: (1) Understanding the tiger's natural history from a genomic perspective provides a data-driven foundation for subspecies recognition, conservation strategic planning, and management actions. Our general goals are to reverse the species' decline by maximizing the efforts to preserve the genetic diversity, evolutionary uniqueness, and potential of the species Panthera tigris.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Samples from 32 tiger specimens with known wild origin or verified subspecies ancestry were assembled (Table S1 ). Twenty-three of them had been used as voucher samples in a previous phylogeography study [5] . Another nine samples were recently collected from the wild. Specimens were labeled with traditional subspecies classifications based on their geographic origin. Genomic DNA from whole blood, white blood cell culture, or tissues was extracted using a DNeasy Blood & Tissue Extraction Kit (QIAGEN, Valencia, California, USA) following the manufacturer's protocols.
METHOD DETAILS
DNA Quality Control and Whole-genome Sequencing DNA quantity and quality were examined using agarose gel electrophoresis, a Nanodrop spectrophotometer, and a Qubit fluorometer. Each genomic DNA extract was uniquely tagged with a 6-bp sequence index during multiplexing library preparation following the standard Illumina library construction protocol (Illumina, San Diego, California, USA). The libraries (average insert size 300-500 bp) were sequenced using an Illumina HiSeq2500 or HiSeq2000 platforms, which provided 125 bp or 101 bp paired-end reads. The sequencing depth for each tiger was targeted at 10 3 coverage, producing an average of 32.6 Gb of raw sequencing data per individual (Table S1 ).
Raw Data Quality Control and Filtering
To avoid reads with artificial bias (i.e., low-quality paired reads that mainly result from base-calling duplicates or adaptor contamination), we removed the following types of reads from the raw data:
(a) Reads with R 10% unidentified nucleotides (Ns) (b) Reads with > 10 nts aligned to the adaptor, allowing 10% mismatches (c) Reads with 50% of bases having phred quality < 5 (d) Putative PCR duplicates generated by PCR amplification in the library construction process (i.e., identical read 1 and read 2 of two paired-end reads).
Mitochondrial Read Alignment and Filtering
All reads were aligned to the Panthera tigris mitochondrial reference genome (NCBI: KP202268) using the Burrows-Wheeler Aligner BWA-MEM v.0.7.12 algorithm [44] with the default options. All aligned reads were sorted. Duplicate reads were marked and removed from each sample using SAMtools v.1.3 [45, 54] with the default options. To obtain high-coverage mitogenome-related reads for all samples (Table S1) , secondary alignment reads, QC failure alignment reads, optical or PCR duplicate reads, and alternatively mapped reads were all removed, with only those reads paired in sequencing and mapped in a proper pair, i.e., uniquely mapped reads, being retained.
De Novo Mitogenome Assembly
Aligned reads in BAM files were transformed to FASTQ files using SAMtools v.1.3 with the default options and imported into GENEIOUS v.9.1.5 [46] for de novo mitogenome assembly according to the following steps:
(1) Identify pair-end read relationships according to the read names, and select only those reads in proper pairs for de novo assembly.
(2) Set an inward pointing orientation with the expected insert size (300-500 bp), and map to the tiger mitogenome reference (NCBI: KP202268). (3) Use the Geneious assembler for assembly with the following parameters: 100% data usage, the highest alignment sensitivity, and no merging of variants with coverage greater than 6-fold. (4) Generate consensus sequences of the longest contigs and align to the reference for assembly. (5) To avoid variant calling error and numt contamination, align the mitogenome back to the reference, and calibrate using Sanger-sequenced mitochondrial-specific haplotypes (NCBI: AY736559-AY736808). Check the alignments manually to ensure accuracy. (6) Finally, amputate the control region, and retain approximately 15.5 kb mitogenomes for downstream analysis.
Mitochondrial Haplotype and Variant Identification
Mitogenome sequences were aligned with the algorithm ''Dirty Data'' using the default settings as implemented in SEQUENCHER v.5.1 (Gene Codes, Ann Arbor, Michigan, USA). Sequence comparison and variability measurement were performed using MEGA v.7.0 [47] , and unique haplotypes were identified using DnaSP v.5.10.1 [48] . Tiger subspecies diagnostic sites and specific sites were identified manually.
Nuclear Read Alignment and Variant Calling
The Burrows-Wheeler Aligner BWA-MEM v.0.7.12 algorithm was used to map paired-end reads to the reference tiger genome [8] .
The reference was indexed. The BWA-MEM algorithm was then used to find the suffix array coordinates of good matches for each paired read, with the options and parameters set to the defaults.
We then adopted a statistical framework implemented in GATK v.3.5.0 [53] for single-nucleotide variation (SNV) calling combined with local realignment and base quality score recalibration. Sequence Alignment/Map (SAM) format files were first imported to SAMtools v.1.3 for binary format conversion (SAM to BAM) and sorted by coordinates using the default options and parameters. We then marked and removed optical or PCR duplicate reads, QC failure reads, and non-primary aligned reads using SAMtools, with only unique mapped reads retained. Local realignments were applied using GATK by determining (small) suspicious intervals and realigning over intervals using the REALIGNER TARGETCREATOR and INDEL REALIGNER algorithms.
The variant calling algorithms rely heavily on the quality scores assigned to the individual base calls in each read. Base quality score recalibration (BQSR) allowed us to obtain more accurate base qualities and improve variant calling accuracy. We recalibrated the base quality scores using the BASERECALIBRATOR algorithm in GATK. The parameters were set to the defaults as recommended in the GATK best practice manual.
Variant calling was performed with hard filters using SAMtools and BCFtools v.1.3.1 based on the overall depth (DP, minimum DP = 4 and maximum DP = 1000), overall quality score (QUAL, minimum QUAL = 20), and genotype quality (GQ, minimum GQ = 20). Multi-allelic variants and indels were excluded. SNVs within five base pairs of an indel were also removed taking into account the relatively poor mapping quality of regions near an indel. Only biallelic variants were retained.
Autosomal Variant Identification DNA variants on autosomes and sex chromosomes were analyzed separately. First, scaffolds shorter than 10 kb ($0.04% of the whole genome) were removed, as small scaffolds may influence accuracy in coalescence reconstruction and demographic inference. We used BEDtools v2.25.0 [55] to calculate the average coverage for each scaffold (longer than 10 kb) in females versus males and identified scaffolds with a female/male ratio higher than 1.5. These scaffolds were aligned to the X chromosome reference of the domestic cat (ICGSC Felis catus 8.0 / felCat8) [41, 42] using BLAST 2.2.30+. If a scaffold shared more than 60% sequence similarity with the X reference and over 85% of the scaffold was homologous to the cat X chromosome, we considered it an X-linked scaffold and excluded associated variants in subsequent analyses. To validate our method, we used other independent whole-genome sequencing data from three white tigers for recalibration [66] .
Based on the genome annotation of the tiger reference genome, we excluded the variants within coding regions and within 1 kb upstream or downstream region of a gene, when performing genomic analyses such as phylogeny reconstruction, population genetic structure estimation, inter-subspecies gene flow analysis, and demographic inference.
X chromosome Consensus Sequence Generation
All reads unlinked to autosomes were mapped to the X chromosome reference sequence of the domestic cat (Felis catus) [41] [42] [43] using BWA-MEM with the default options and sorted. Duplicate reads were marked and removed on a per-sample basis using SAMtools with default options. Non-primary alignment reads, QC failure alignment reads, optical or PCR duplicate reads, and alternatively mapped reads were removed. The remaining uniquely mapped reads were imported into GENEIOUS v.9.1.5 to perform realignment to the reference. Then, the alignments were used for genotyping in BSNP v.2.17.02 [56] . The genotyping results were used to generate consensus FASTA X chromosome sequences after filtering for base quality and coverage. The consensus sequences were aligned into contigs, and the columns with only one missing base were retained for X chromosome phylogeny reconstruction. After excluding the coding regions and regions upstream and downstream (within 1 kb) of a gene, we generated 1,933,838 bp X-linked consensus sequences (Table S1 ),
Phylogeny Reconstruction
The phylogenetic relationships among the mitogenome haplotypes were reconstructed by the maximum parsimony (MP), minimum evolution (ME), maximum likelihood (ML), and Bayesian methods using PAUP v.4.0b10 and MRBAYES v.3.2.0 [49, 50] . The mitogenomes of the two Panthera species, lion P. leo (NCBI: KP202262) and snow leopard P. uncia (NCBI: KP202269), and a sister taxon to Panthera spp., the clouded leopard Neofelis nebulosa (NCBI: KP202291), were selected as outgroups. MP analysis was performed using a heuristic search with random stepwise addition of taxa and tree-bisection-reconnection (TBR) branch swapping. ME analysis was performed using a neighbor-joining (NJ) method to calculate the minimum evolutionary distance, with trees constructed on the basis of the Kimura 2-parameter model followed by TBR swapping. The Akaike information criterion with a correction (AICc) for finite sample sizes and the Bayesian information criterion (BIC) were implemented in jMODELTEST v.2.1.4 [51] for ML analysis and Bayesian inference. The GTR+I+G model [Base = (0.3204, 0.2675, 0.1430), Nst = 6, Rmat = (1.0587, 63.3470, 1.6554, 0.6973, 75.3217), Rates = gamma, Shape = 0.7300, Ncat = 4, pinvar = 0.5500] was selected as the optimal model. Bayesian inference was performed with 2 simultaneous, independent Markov chain Monte Carlo (MCMC) runs starting from different random trees, each with 3 heated chains and 1 cold chain, for 100,000,000 generations. Trees were sampled every 1,000 generations, and the first 25% of the iterations were discarded as burn-in. The reliability of the tree topologies was assessed by 1,000 bootstrap iterations for the MP and NJ approaches, whereas 100 bootstrap iterations were implemented for the ML methods. Phylogenetic trees were illustrated with the FIGTREE v.1.3.1 package and modified manually.
The autosomal phylogeny was reconstructed using the ME, MP, and ML methods based on biallelic variants, with P. uncia and P. leo (NCBI: SRR836372, SRR836361) as outgroups. We constructed NJ phylogenetic trees based on a pairwise p-distance matrix as recommended in a previous study [56] . The MP tree was reconstructed using the R package PHANGORN V.2.0.4. This package returns the parsimony score of a tree using either the 'sankoff' or 'fitch' algorithm and searches for the MP tree using either nearest neighbor interchange (NNI) rearrangements or sub-tree pruning and regrafting (SPR). Thus, to obtain a robust topology, we used two different algorithm combinations (fitch + SPR, sankoff + NNI) with 100 bootstraps. The ML tree was reconstructed using PHYML v.3.1 [57] and four combinations of nucleotide substitution models and tree searching algorithms (NNI + K80, NNI + HKY, SPR + K80, SPR + HKY) with 100 bootstraps. We also performed a coalescent-based species tree analysis as implemented in ASTRAL v.5.6.1 [65] to assess the tree topologies of the autosomal phylogeny. The final normalized quartet scores for all of the non-parametric bootstrapping trees ranged from 0.9878 to 0.9925, indicating the robustness of the topology of the autosomal phylogeny.
The X chromosome phylogeny was reconstructed following the same procedure as the autosomal phylogeny.
Population Structure Analysis Based on Autosomal Variants
We conducted principal component analysis (PCA) of biallelic autosomal variants using EIGENSOFT v.6.0 [58] with a Tracy-Widom test. Furthermore, the population genetic structure was inferred using ADMIXTURE v.1.23 [59] , in which a block relaxation algorithm was used with 10-fold cross-validation. The termination criterion was set to 0.01 with a maximum bootstrap value of 1,000 replicates, and the number of genetic clusters (K) was set from 2 to 7. The genome-wide fixation index (F ST ) was computed using ARLECORE v.3.5.2.2 and ARLEQUIN v.3.5 [60] . The significance of the F ST value was examined using Fisher's exact test with 10,000 permutations (Data S1).
ABBA-BABA and vavi Analysis Based on Autosomal Variants
The patterns of gene flow were analyzed in a three-population phylogeny rooted with an outgroup using the ABBA-BABA test (D-statistics) [67, 68] . Comparisons were performed among tigers, using the African lion and snow leopard as outgroups. The D-statistics were transformed to Z scores, which were calculated using the qpDstats algorithm in ADMIXTOOLS v.3.0 [61] . Then, the Z scores were transformed to two-sided P values, assuming a normal distribution. We used one tiger to represent the subspecies and examined all possible 4-individual combinations. Summary statistics and image generation were performed in R. We also applied a diffusion approximation (vavi v.1.7.0) approach [62] to infer migration scenarios among tiger subspecies, especially those that possibly occurred between sister groups. To generate the allele frequency spectrum, the snow leopard and African lion genomic sequences were used to infer ancestral allelic state according to a parsimony-based approach [69] , and only biallelic loci without missing alleles were considered. We numerically computed the observed and expected allele frequency spectrum for every three phylogenetically close taxa ( Figure S1B ). Twelve divergent models were considered ( Figure S1 ). Both conventional bootstraps and linkage-incorporated parametric bootstraps were used to evaluate the robustness for each hypothetical model through an adjusted likelihood ratio test. Three population-divergent models without demographic fluctuations were selected as optimal for inter-subspecies gene flow inference.
Demography Inference Using G-PhoCS
To estimate population divergence time and the effective population size, we analyzed the alignments of the six individual tiger genomes with outgroups (African lion and snow leopard) as indicated in our autosomal phylogeny ( Figure S2A ). We defined 44,078 loci by identifying contiguous 1 kb intervals that passed our filters with a minimum inter-locus distance of 50,000 bp as implemented in the G-PhoCS manual to ensure that recombination hotspots fell between, rather than within, loci [56] . We evaluated 32 alternative scenarios with various individuals and performed three parallel replicate runs for each, cross-checking all of the results to ensure convergence ( Figure S3 and Table S3 ).
The demographic parameters set in G-PhoCS are all scaled by the mutation rate. To obtain absolute values, it is necessary to calibrate the model with external information, such as an estimated mutation rate or an estimated divergence time for outgroup species. In our analysis, we used the snow leopard and the African lion as outgroups to calibrate the model based on the mean tiger -snow leopard, or tiger -lion genomic divergence. The genomic divergence time between tiger and lion was estimated as 3.72 mya (95% CI: 2.04-7.60 mya), whereas that between the tiger and snow leopard was estimated as 2.67 mya (95% CI: 1.14-5.92 mya), as recommended in a recent genomic study on living felids [26] . The generation time was assumed to be 5 years. The estimates of all of the demographic parameters for all 96 G-PhoCS runs are summarized in Figure S3 .
Mitochondrial Coalescent Time Estimation
The coalescent time for all of the mtDNA haplotypes was estimated in BEAST v.1.8.0 [52] with an extended Bayesian skyline plot coalescent model. The coalescent times estimated for N. nebulosa versus Panthera spp. (6.37 mya, 95% CI = 4.47-9.32 mya) and for P. leo versus P. uncia / P. tigris (3.72 mya, 95% CI = 2.04-7.60 mya) were used as calibrations [25, 26] . Nucleotide substitution and site heterogeneity models were estimated in jMODELTEST v.2.1.4, and GTR+I+G was selected. The linear model type was set with mitochondrial ploidy, randomly generated starting trees, and a strict-clock model.
MCMC analyses were performed with four independent runs simultaneously for 100,000,000 iterations each. Samples were drawn every 1,000 steps, and the first 25% was discarded as burn-in. The accuracy and validity of these estimates were inspected in Tracer v.1.6.0. All independent runs produced the same parameter distributions and were combined using LOGCOMBINER v.1.8.0. The values of TMRCA with 95% CIs and the consensus tree were generated in TREEANNOTATOR v.1.8.0. To evaluate the reliability of the TMRCA value, TMRCA values were also estimated in BEAST v.1.8.0 with other two models of tree priors: a speciation model with birth-death incomplete sampling (112,100 y ago, 95% CI: 70,900-155,000 y ago) and a coalescent model with a constant size (117,600 y ago, 95% CI: 78,200-158,400 y ago).
Historical Effective Population Size Inference Using PSMC In this part of the analysis, SNV calling and filtering procedures were performed at an individual-based level with a hard filtering criterion based on the overall depth (DP, minimum DP = 4 and maximum DP = 30), overall quality score (QUAL, minimum QUAL = 20), and genotype quality (GQ, minimum GQ = 20). Multi-allelic variants and indels were excluded, and only biallelic variants were retained. The variants that remained were located on the autosomal regions. Scaffolds shorter than 10 kb ($0.04% of all scaffolds) were excluded. An average of 1,060,484 sequence blocks containing heterozygous loci were used to reconstruct the demographic history within the PSMC model. The parameters were set as -N 30, -t 20, -r 5, and -p '4*1 + 25*2 + 4*1 + 6*1'.
The sequence divergences between the tiger versus African lion and tiger versus snow leopard were estimated as 0.484% and 0.437%, respectively. The calculated autosomal mutation rate for the tigers was 3.5 3 10 À9 substitution/site/generation. Following Li's procedure [63] , we applied a bootstrapping approach, repeating sampling 100 times to estimate the variance of the simulated results.
Detection of Positive Selection
We scanned all of the autosomal variants including the coding regions and the regions 1 kb upstream and downstream region of a gene. We selected overlapping 50-kb windows with a 5-kb step size to identify regions with increased genetic divergence (F ST ) between the Sumatran tiger and other tiger subspecies. We used VCFtools v.0.1.15 [64] to calculate the window-based weighted F ST , nucleotide diversity p, and Tajima's D. The genomic windows with high ZF ST (> 5) were analyzed for gene content (Data S2). When we obtained the Manhattan plot, candidate scaffolds were mapped to the cat reference genome [41, 42] to determine conserved syntenies.
QUANTIFICATION AND STATISTICAL ANALYSIS Topological Robustness for Phylogeny Reconstruction
The robustness of the tree topologies was assessed by non-parametric bootstrap methods. We assumed that a branch with a bootstrap support or a posterior probability support higher than 50% was robust.
For the mitogenome trees, the MP and NJ methods were assessed by 1,000 bootstraps. The ML method was assessed by 100 bootstraps. Bayesian inference was performed with 2 simultaneous, independent MCMC runs starting from different random trees, each with 3 heated chains and 1 cold chain for 100,000,000 generations.
For the nuclear trees, the NJ tree was constructed based on a pairwise p-distance matrix, and the NJ phylogeny was reconstructed using PAUP. MP and ML trees were reconstructed using the R packages ''PHANGORN'' and PHYML, respectively. One hundred non-parametric bootstraps were used to evaluate the topological robustness.
Significance Testing in the Population Structure Analysis
The significance levels (evaluated at p < 0.01) of the PCA values was determined using the Tracey-Widom test. We used a block relaxation algorithm with 10-fold cross-validation in the ADMIXTURE analysis. The termination criterion was set to 0.01 with a maximum bootstrap value equal to 1,000. We predefined the number of genetic clusters (K) from 2 to 7 to infer the population genetic structure.
The genome-wide fixation index (F ST ) was computed using the software packages ARLECORE and ARLEQUIN. The significance (evaluated at p < 0.01) of F ST was examined via Fisher's exact test using 10,000 permutations (Data S1).
Significance Testing in the ABBA-BABA and vavi Analysis The D-statistics were transformed to Z scores by division with the standard error, calculated using ADMIXTOOLS. Then, the Z scores were translated to two-sided p values using R and assuming a normal distribution. The significance level was set to 0.01. For vavi estimation, we examined 12 divergent models, and reasonable models were selected based on the maximum log likelihood value associated with an adjusted likelihood ratio test, implemented in vavi. The significance level was set to 0.01.
Statistical Analysis in Detecting Selection
We scanned the whole genome in overlapping 50-kb windows with a 5-kb step size to identify regions with significant genetic divergence (F ST ) between Sumatran tigers and other subspecies. The F ST values were standardized using R, and the significance level was set to ZF ST > 5.
DATA AND SOFTWARE AVAILABILITY

Data Resources
The whole genome Illumina sequencing reads from the 32 voucher tiger samples have been deposited in the NCBI Sequence Read Archive (BioProject ID: PRJNA437782).
